Compounds with planar triple ring systems such as acridine orange, 9-amino acridine, 9-amino-1,2,3, 4-tetrahydroacridine (tacrine), 6,9-diamino-2-ethoxyacridine lactate monohydrate (DE-acridine), 6-chloro-9-(3'-diethylamino-2'-hydroxypropylamino)-2-methoxyacridine 2 HCI (CDM-acridine), quinacrine, 6-chloro-9-(4'-diethylamino-1'-methylbutylamino) .2-methoxy. 1, 10-diazaanthracene (CDM 1, 10-diazaanthracene), thionine, azure A, methylene blue, and pyronine Y when applied to excised pea pods were potent inducers of phenylalanine ammonia lyase or of pisatin, or of both. Compounds with an array of structural variation around the planar three-ring system were tested for their ability to induce these responses in pea tissue. In general, dimethylamino, diethylamnino, or amino substitutions at position 2 and 6 or an amino (with or without an aliphatic side chain) substitution at position 9 of the three-ring system augmented induction potential. Methyl green, methylene blue, 2, 7-diaminofluorene, nile blue, neutral red, pyrogallol red, ethidium bromide, nogalamycin, quinine, chloroquine, spermine, 8-azaguanine, gliotoxin, chromomycin A3, actinomycin D, and mitomycin C were also potent inducers.
2 Present address: Universitat Dusseldorf, Institut Fur Allgemeine Biologie, 4000 Dusseldorf, Mettmannerstr. 16-18 West Germany. I The term "inducer" in this paper will refer to an agent which can cause an increase in extractable phenylalanine ammonia lyase and pisatin.
I Abbreviation: PAL: phenylalanine ammonia lyase.
such as ethidium bromide, actinomycin D, or acridine orange are administered in optimal concentrations to excised pea pods. The observation that certain intercalating compounds are potent inducers' (41) of pisatin production, has enticed us to test related compounds and further elucidate the chemical characteristics which mediate induction in this system. We have also assayed the induction of phenylalanine ammonia lyase (EC 4.3.1.5), a key enzyme in the biosynthesis of pisatin.
The present report compares 9-aminoacridine, acridine orange, ethidium bromide, methyl green, thionine, crystal violet, pyronine Y, and nile blue with various other structurally related compounds as inducers of pisatin and PAL. 4 MATERIALS AND METHODS Materials. Several compounds were generous gifts from the following scientists: nogalamycin, Gunther S. Fonken, Upjohn Co.; actinomycin D, Walter B. Gall, Merck Sharp and Dohme; myracil D, Erich Hirschberg, Columbia University; 5-diazouracil, Harry B. Wood, Jr., Cancer Chemotherapy National Service Center. Sources of the remaining compounds were as follows: quinine dihydrate, nile blue sulfate, pyrogallol red, 2,7-diaminofluorene, acridine, acridane, gallocyanine, tacrine, cresyl fast violet, neutral violet, 9-amino acridine HCl, CDM 1, l0-diazaanthracene, DE-acridine, CDM acridine, 10-thioxanthenone, Aldrich Chemical Co.; pyronine Y, acridine red, lacmoid, brilliant cresyl blue, crystal violet, azure A and B, thionine, Allied Chemical and Dye Corp.; methylene blue, neutral red, National Aniline and Chemical Co.; methylene green, auramine 0, Hartman-Leddon Co.; ethidium bromide, 8- Methods. Experiments quantitating pisatin production and PAL activity utilized 1 g of fresh immature pea pods (1-2 cm long, harvested while still enclosed in the blossom). The general procedure, which involved splitting the pods and administering 1.5 ml of the aqueous solutions of the inducer compounds to the exposed pea endocarp, has been described in detail previously (41) .
Standardized methods for the isolation and quantitation of pisatin (41) and for assaying PAL activity (20) have been described.
The compounds tested as inducers of pisatin or PAL were dissolved in water, and the solution was adjusted to pH 6.0 to 7.0, which approximates the pH of excised pea tissue. For Table I. certain compounds not water-soluble in this pH range, the pH was adjusted to increase solubility as noted in the footnotes of the tables.
RESULTTS
Inducer Specificity. It has been reported previously (41) that pea genes required for pisatin synthesis can be activated by certain DNA intercalating compounds. Figure 1 presents the structural formulas of compounds with various three-ring systems which are compared as inducers of PAL and pisatin in Table I . These compounds have been selected to demonstrate the chemical specificity required to increase PAL activity and pisatin production in pea tissue. The compounds included in this study represent a small fraction of compounds which were assayed.'
The unsubstituted acridine molecule, a DNA intercalating compound (48) , is unable to induce PAL or pisatin, whereas proflavine, 2,7-diaminoacridine (0.5 mg/ml), proved to be a moderately effective inducer of pisatin but not PAL. As the proflavin molecule is structurally modified (compounds I-IV) with the methylation of the amino groups, the PAL and pisatin induction potential increases. The omission of the nitrogen at position 10 Induced increases in PAL activity are subject to inhibition by inhibitors of RNA and protein synthesis (Table III) . Actinomycin is an intercalating compound with a high affinity for DNA (23) and has been used as a standard inducer for this pea (10, 27) . Increased PAL synthesis (Table IV) is completely inhibited by 6-methylpurine when applied up to 1 hr subsequent to inducer application. The induced PAL and pisatin syntheses are also inhibited by the base analogues, 5-diazouracil and cordycepin. Cycloheximide, an inhibitor of protein synthesis, effectively inhibits increases in PAL activity until 6 hr after application of the inducer. DISCUSSION It has been proposed (41, 18) that increased PAL and pisatin synthesis occurs in pea tissue as a result of gene activation and that such activations can be induced by an array of compounds having the potential to change the conformation of double-stranded DNA. These conformational changes hypothetically incited by an inducer are believed to occur when the inducer compound intercalates between base pairs, alkylates DNA moieties, or substitutes for bases in the DNA molecule.
Since all of the inducers of pisatin or PAL described thus far have the potential to change the conformation of DNA, we prefer the explanation that control of this gene activation occurs at the transcription level (i.e., the DNA becomes more transcribable either by dissociating a repressor component [41] or assuming a more desirable conformation for transcription).
Two other explanations have been forwarded for the stimulatory effects initiated with DNA intercalating compounds such as actinomycin D. It has been suggested that actinomycin D may specifically inhibit repressor formation by complexing with regulatory genes (36) and thus derepress the corresponding structural genes (25) . Secondly, the "superinduction" (44) of enzymes such as tyrosine aminotransferase by actinomycin D in the presence of steroid inducers is thought to be controlled at the level of translation. This paper presents data to characterize further this induction phenomenon in relation to the models presented above. It also evaluates as inducers of PAL and pisatin additional compounds having the potential to intercalate into DNA.
It was of interest to determine more conclusively how dependent PAL and pisatin inductions are on RNA synthesis. It has been established that high levels of actinomycin D inhibit pisatin formation up to 1 hr after the application of inducer, even though RNA synthesis in pea tissue is not completely inhibited at the time (41). Since 6-methylpurine is reportedly (27) a potent inhibitor of all RNA synthesis in plant tissue, it was evaluated along with cordycepin (17) and 5-diazouracil (22) as an inhibitor of induction. All three compounds were effective inhibitors of PAL and pisatin induction when applied with the inducer. The ineffectiveness of 6-methylpurine (Table IV) as an inhibitor of PAL induction when applied 3 hr after the inducer suggests that a portion of the RNA re- quired for induction is synthesized shortly after application of inducer. The induction of PAL was severely inhibited by actinomycin D (300 jug/ml) up to 2 hr after inducer application and by cycloheximide (150 jug/ml) up to 3 hr after inducer application. These results and the previous observation (41) that there is a net increase in the rate of both RNA and protein synthesis after application of inducer alone reiterate that enhanced formation of pisatin and PAL require the synthesis of new RNA and protein.
Many of the compounds assayed in this study are either known intercalators of DNA or have structural features compatible with intercalation. The results from Table I indicate that planar three-ring structures (i.e., acridine orange, 9-amino acridine, quinacrine, thionine, and pyronine Y) are desirable but not obligatory features of the inducers of PAL and pisatin. Some compounds known to intercalate into DNA are not inducers. For example, the intercalator, acridine, does not function as an inducer.
Dimethylamino, diethylamino, or amino substitutions at the 3 and 6 positions of the three-ring skeleton of acridine appear to be beneficial to the induction potential. The induction potential is also high in compounds with various alkylamino substitutions at position 9. A planar three-ring molecule, 9-amino acridine, and its partially hydrogenated, nonplanar analogue, tacrine, both induce PAL and pisatin. However, tacrine is much less effective in inducing the latter response.
The ability of certain intercalators to combine with nucleic acids in vivo is well known (1). Lerman (30, 31) suggested that the planar triple ring system of proflavine becomes intercalated between adjacent base pairs of the double helix. The extension of the DNA molecule when complexed with proflavine has been demonstrated (7), and evidence has also been provided (12) for the actual uncoiling of supercoiled DNA when ethidium bromide is intercalated.
The inducing compounds with basic side chains attached to the ring system are also capable of ionic binding to phosphate groups in one or both strands of DNA. For example, the acridine ring of quinacrine is intercalated between the base pairs of double helical DNA (31) , and the aliphatic diamine side chain apparently bridges complementary DNA strands across the minor groove by ionic attraction to phosphate groups (33) . Quinacrine (11), chloroquine (2), and spermine (43) (a tetraamine structurally related to the aliphatic side chain of the two drugs) interact with and stabilize the double helix (predominantly by ionic attraction). All of the compounds mentioned above are effective inducers of PAL and pisatin productions (Tables I and II) . These compounds (11) (41) .
The acridine compounds known to be mutagens function by intercalating with DNA in vivo (13, 34, 38) . The specificity of PAL and pisatin inducers remains to be ascribed. The pisatin inducers, actinomycin D, chromomycin A3, and mitomycin C, have in common their preferential binding to guanine-rich DNA (48) . However, nogalamycin (5), also a potent inducer of PAL (Table II) , is believed to bind to dA or dT moieties of DNA. Recent studies with actinomycin D indicates that intercalation depends on a specific sequence of bases (49) in addition to the presence of the guanine base (24, 47) . The establishment of base-specific binding of intercalators such as ethidium bromide has met with little success. Ethidium bromide does preferentially bind to double-stranded polynucleotides (6, 29) . Interestingly, ethidium bromide and quinacrine each have chromosome-specific attachment patterns when viewed microfluorometrically in pea cells (8, 9) .
The penetration and accumulation of certain intercalators into intact cells has been analyzed. An autoradiographic study using the intercalator, actinomycin D-3H (Hadwiger, unpub- Thus, the compounds reported as inducers of PAL and pisatin in this paper include an extensive list of known or probable DNA intercalators. The effectiveness of these inducers appears to depend on both structural specificity and concentration.
Components other than these complex ring systems which have been reported as inducers of the pisatin pathway include heavy metals (35, 40) , polypeptides (20, 14) , and polyamines. Recently both heavy metals (15, 26, 50) and polypeptides (20, 42) have been shown to influence DNA conformation, which is consistent with our suggestion that sites on the pea DNA are susceptible to change by a variety of components.
Although reports (16, 48) (44) , increases antibody production (3), increases interferon synthesis (32) , and inhibits tumors (4, 45 (21, 39, 46) , the primary action (or characteristic side effects of these compounds) may stem from responses activated in host or pathogen rather than exclusively from the biocidal effects on the pathogen (19) .
